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Abstract 
Background: Plasmodium parasites manipulate the interaction between their mosquito and human hosts. Patients 
infected with gametocytes attract anopheline mosquitoes differentially compared to healthy individuals, an effect 
associated with an increased release of attractive volatile cues. This odour-driven manipulation is partly mediated 
by the gametocyte-specific metabolite, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), which induces 
increased release of select aldehydes and terpenes from red blood cells and results in the enhanced attraction of 
host-seeking mosquitoes, which are vectors of malaria. This study investigates the effect of the HMBPP-induced vola-
tiles on the attraction of wild Anopheles mosquitoes to humans under field conditions.
Methods: The efficacy of the HMBPP-induced odour blend to attract Anopheles was evaluated in a 4 × 6 Latin rectan-
gular study design indoors using baited Suna traps. Furthermore, to assess the efficacy of the HMBPP-induced odour 
blend in (1) augmenting the attractiveness of human odour, and (2) attracting Anopheles mosquitoes in the absence 
of human odour, a two-choice assay using host decoy traps (HDTs) was used and evaluated using binomial general-
ized regression.
Results: Traps baited with the HMBPP-induced odour blend attracted and caught both Anopheles arabiensis and 
Anopheles pharoensis females in a dose-dependent manner in the presence of background human odour, up to 2.5 
times that of an unbaited trap. Given a choice between human odour and human odour laden with the HMBPP-
induced odour blend, mosquitoes differentially preferred traps augmented with the HMBPP-induced odour blend, 
which caught twice as many female An. arabiensis. Traps baited with the HMBPP-induced odour blend but lacking the 
background of human odour were not effective in attracting and catching mosquitoes.
Conclusion: The findings of the present study revealed that the HMBPP-induced odour blend, when augmented 
with human body odour, is attractive to anopheline mosquitoes and could be used as a complementary vector con-
trol tool along with existing strategies.
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Background
Malaria parasites manipulate both their mosquito and 
human hosts to increase the interactions between them, 
thereby enhancing the risk of transmission [1–6]. The 
presence of Plasmodium falciparum and Plasmodium 
vivax gametocytes, the transmissible stage of the para-
site, manipulates the host-seeking behaviour of its pri-
mary vectors in sub-Saharan Africa, Anopheles gambiae 
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sensu lato [1, 2, 4–6] and in South America, Anopheles 
darlingi [3]. This manipulation is most clearly observed in 
the change in host odour profile of gametocyte-infected 
patients, resulting in the doubling of the attractiveness 
of these patients to malaria vectors, compared to unin-
fected healthy persons [1, 2, 4–7]. A plausible mechanism 
underlying this altered attraction was described recently 
[5–8]. However, as of yet, there has been no evaluation 
of malaria parasite-induced volatiles in the field and how 
these affect the attractiveness of humans to mosquitoes, 
which vector malaria.
Emami et al. [8] recently reported that the P. falciparum 
metabolite, (E)-4-hydroxy-3-methyl-but-2-enyl pyroph-
osphate (HMBPP), both directly and indirectly manipu-
lated vector behavior. HMBPP induced an increased 
feeding rate and indirectly stimulated attraction of An. 
gambiae sensu stricto to red blood cells, by enhancing 
the release of select aldehydes and monoterpenes. When 
combined in a blend, these volatile compounds repro-
duced the behavioral response of An. gambiae to gameto-
cyte-infected red blood cells, when they were presented 
in the background of red blood cell odour [8]. These 
volatiles were hypothesized to be emitted from gameto-
cyte-infected persons [8], and subsequent studies have 
recently demonstrated an altered profile of these, and 
other, volatiles emanating from both the breath and skin 
of gametocyte-infected children [4–7].
In this study, the efficacy of the HMBPP-induced odour 
blend in attracting wild Anopheles mosquitoes was evalu-
ated. The results obtained demonstrated that host-seek-
ing anopheline mosquitoes have a higher propensity to 
select human body odour augmented with the HMBPP-
induced blend under field conditions. The perspective of 
using the findings of this study towards surveillance and 
integrated vector management are discussed.
Methods
Study site description
The study was conducted in Arba Minch Zuria district 
of the Gamo  Gofa zone in southern Ethiopia, at the 
outskirts of a village called Sile (5°53′24″ N, 37°29′24″ 
E; Fig.  1). Detailed description of the study area is out-
lined by Debebe et al. [9]. The area is predominantly cov-
ered by banana plantations, which are a major source of 
income for the residents. Maize and cotton are also culti-
vated. The houses in this area are transiently inhabited by 
farmers during the seasons for cultivation, during which 
time the occupancy in each house is one to two persons, 
Ethiopia
Gamo Gofa zone
Arba Minch Zuria district
Study site
Fig. 1 Map of the study area showing the districts in Ethiopia, the Gamo Gofa zone and the Arba Minch Zuria district, with the study site indicated
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predominantly men between the ages of 18–30. The area 
is one of the most malarious in the district, with An. ara-
biensis as the dominant vector and An. pharoensis play-
ing a secondary role in malaria transmission [9, 10].
Attraction of HMBPP‑induced volatiles
To assess the attractiveness of the HMBPP-induced 
odour blend, a 4 × 6 Latin rectangle study design was 
used. For the study, 12 traditionally built houses with 
mud walls and grass thatched roofs were selected. 
Houses were separated by a minimum of 200 m. The 12 
houses were divided into three groups in which the three 
treatments and a control were randomly assigned on the 
first night. Treatments and controls were rotated nightly, 
so that each visited each house six times over the course 
of 24 nights. Three serial dilutions of the odour blend 
(treatments) and heptane (control; Merck, Darmstadt, 
DE) were dispensed using wick dispensers, allowing for 
the release of all of the compounds in constant ratios 
throughout the 12 h assay [11]. The experiment was con-
ducted using Suna traps (BioGents AG, Regensburg, DE) 
hung 20  cm above the ground near the foot of a sleep-
ing, asymptomatic person under a bed net, i.e. both treat-
ments and control were tested against the background of 
human odour. While the volunteers were not tested for 
malaria prior to the study, the presence of an asympto-
matic malaria-infected person cannot be excluded, and 
thus increases the probability of a type II error. The traps 
were set to run from 6:00  p.m. to 6:00 a.m., the main 
activity period of the Anopheles mosquitoes in the area. 
The study was conducted during the long rainy season in 
July–August 2019. The odour blend mimicked the com-
position and ratio of compounds (( ±)-α-pinene:(−)-
β-pinene:(± )-limonene:octanal:nonanal:decanal; 
1:0.7:2.5:3.1:48:1.6) emanating from gametocyte-infected 
red blood cells and induced by the metabolite HMBPP 
[8]. The odour blend was serially diluted in heptane at 
1.0, 10, and 100 ng µl−1 resulting in release rates of 1.6, 
16 and 164 ng min−1 of ( ±)-α-pinene, respectively. Based 
on the average release rate of the majority of these com-
pounds from healthy volunteers [12], these release rates 
correspond to a ca. 1, 10 and 100 times increase over that 
of the sleeping volunteer. In comparison, Emami et al. [8] 
reported a relative increase of the HMBPP-induced vola-
tiles of 1.2–5.2 from 1 ml of red blood cells treated with 
10 µM HMBPP.
Differential attraction to HMBPP‑induced volatiles
To evaluate the effect of the HMBPP-induced vola-
tiles on the relative attractiveness of two asymptomatic 
individuals, with rapid diagnostic test (RDT) negative 
peripheral blood status (CareStart™ Pf/Pv (HRP2/pLDH) 
Ag Combo RDT, [13]), a two-choice assay was used. It 
is important to note that this RDT is 88.8% and 77.6% 
accurate for identifying P. falciparum and P. vivax infec-
tions, respectively [14], and as such, asymptomatic cases 
of malaria may have been overlooked. Two experiments 
were conducted: (1) two tents, each with a human volun-
teer as a source of human odour; and (2) two tents with-
out human volunteers. In both cases, the tents (Fig.  3a, 
b) were separated by at least 200 m. Two polyvinylchlo-
ride pipes (10  m length × 10  cm diameter) extending 
from each tent carried the odour from the tents, with 
the help of battery-operated fans (12  V) at the mouth 
of the pipe within the tent (Fig. 3a, b). The odour blend 
was delivered to host decoy traps (HDTs; BioGents AG; 
[15]), which were filled with heated water and covered 
in adhesive-coated transparent plastic sheeting, as per 
manufacturer’s instructions, and placed 10 cm from the 
exhaust (Fig. 3a). During the first experimental night, the 
volunteers were randomly assigned to sleep in either tent 
and then the wick dispensers containing either the odour 
blend with the highest release rate, identified above, or 
heptane, were placed 10  cm inside the mouth of each 
plastic pipe, downwind of the fan (Fig.  3a, b). A similar 
protocol was used in the control experiments, without 
the sleeping volunteers. For all four tents, the control and 
the odour blend were rotated between the pipes every 
night to account for positional bias of the treatments. 
In the two inhabited tents, the volunteers were rotated 
between the tents every other night after one full round 
of the experiment, to account for differences in the odour 
profiles of the volunteers. Both experiments were con-
ducted for a total of eight nights.
Sorting and identification of mosquitoes
Captured Anopheles mosquitoes were transported to the 
field laboratory and sorted according to physiological 
state, as unfed, engorged, semi-gravid and gravid, follow-
ing the categories outlined by WHO [16]. Morphological 
species identification of the adult female Anopheles mos-
quitoes was conducted using identification keys devel-
oped by Verrone [17]. Mosquitoes belonging to the An. 
gambiae species complex were considered as An. ara-
biensis since a recent study has confirmed that An. ara-
biensis is the only member of the An. gambiae species 
complex in the area [9].
Data analysis
The effect of the different release rates of the odour 
blend and the control on the daily numbers of An. ara-
biensis and An. pharoensis caught in the traps was esti-
mated using zero-inflated negative binomial regression 
of the generalized linear model (GLM; JMP Pro version 
13 SAS Institute Inc., Cary, NC, USA). The control group 
was used as a reference category in both analyses and a 
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Dunnett’s post-hoc test was used to compare each treat-
ment group with the control.
The relative attractiveness of the odour blend with 
respect to the control was analysed using a negative 
binomial regression of the GLM (JMP Pro v. 13), taking 
into account the volunteers and treatments as factors. 
To visualize the results, choice indices were calculated 
by dividing the number of anophelines caught in either 
the HMBPP-induced odour baited traps (T) or the con-
trol trap (C) by the total number of mosquitoes caught 
in both traps (T + C). Pairwise comparisons were made 
using Tukey’s post hoc test. All tests were computed at 
the significance level of α < 0.05.
Results
HMBPP‑induced volatiles attract Anopheles mosquitoes
A total of 2114 Anopheles mosquitoes were captured in 
odour-baited and control traps, belonging to two species, 
An. arabiensis and An. pharoensis, over the 24 experi-
mental nights. Anopheles arabiensis was the predominant 
species, with a total of 1931 (91.3%) individuals caught, 
with the remaining mosquitoes identified as An. phar-
oensis (183 individuals; 8.7%). Approximately 93.6% and 
95% of An. arabiensis and An. pharoensis, respectively, 
were host-seeking, while the remaining mosquitoes were 
blood fed.
While the number of An. arabiensis captured per night 
significantly increased with an increasing release rate 
of the HMBPP-induced odour blend (GLM; χ2 = 12.89; 
P = 0.0049), there was no overall effect of release rate on 
the number of An. pharoensis caught (GLM; χ2 = 6.84; 
P = 0.077; Fig.  2). A post hoc analysis revealed that the 
number of An. arabiensis captured in the traps baited 
with the two highest release rates of the HMBPP-induced 
odour blend was significantly higher than that of the con-
trol (Fig. 2a). In addition, the post hoc analysis revealed 
that a significantly higher number of An. pharoensis were 
caught in traps with the highest release rate of the blend 
(Fig. 2b).
HMBPP‑induced volatiles differentially attract Anopheles 
arabiensis
A total of 166 An. arabiensis were caught by the human 
decoy traps over the eight experimental nights. The 
HMBPP-induced odour blend caught significantly more 
An. arabiensis in the presence of human odour (χ2 = 5.63; 
df = 1; P < 0.018), with almost twice as many mosquitoes 
caught in the HDT baited with HMBPP-induced volatiles 
(total: 113; median: 6 mosquitoes per night; IQR = 7.5; 
mean 7.1 ± 1.35 mosquitoes per night) compared to 
the heptane control (total: 53; median: 2 mosquitoes 
per night; IQR = 5.00; mean: 3.3 ± 0.76 mosquitoes per 
night; Fig. 3c). There was no significant difference found 
between the number of mosquitoes caught for either 
volunteer (χ2 = 0.026; df = 1; P = 0.8). In the absence of 
human odour, the HDT captures were very low, with 4 
mosquitoes caught in the control and 3 in the treatment, 
with no significant difference between the treatment and 
control traps (χ2 = 0.11; df = 1; P = 0.73).
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Fig. 2 The number of Anopheles arabiensis (a) and Anopheles 
pharoensis (b) caught in the HMBPP-induced odour-baited and 
control traps per night as depicted by box plots. The horizontal line 
within each box represents the median and the × represents the 
mean. The whiskers represent ± 1.5 times the inter-quartile range 
extending from the upper and lower quartile boundaries. The 
asterisks represent significant difference from the control at a level of 
α < 0.05 (N = 24; n = 72)
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Discussion
The aldehydes and monoterpenes induced by P. falci-
parum gametocytes and the metabolite HMBPP, and 
released by red blood cells, attracts wild female Anoph-
eles mosquitoes and augments the attractiveness of 
healthy human volunteers under field conditions. The 
results of this study demonstrate that a blend of volatile 
compounds reflecting the odours induced by P. falci-
parum gametocyte parasites in the red blood cells, and 
emitted by an infected person, are able to manipulate the 
host-seeking behaviour of malaria vectors in the back-
ground of human odour, thereby increasing vectorial 
capacity. While interesting from a fundamental perspec-
tive, these results have implications for monitoring in the 
context of integrated vector management.
In this study, traps baited with the HMBPP-induced 
odour blend differentially augmented the attractive-
ness of humans to An. arabiensis by up to two times, 
reflecting a similar increased behavioral response to 
patients with gametocyte infection for both P. falcipa-
rum and P. vivax [1, 3, 4]. As HMBPP is a gametocyte-
specific Plasmodium metabolite [8], and the increased 
attraction of mosquitoes corresponds with the game-
tocyte stage of infection [1, 3, 4], it is likely that the 
HMBPP production by gametocytes underpins the 
observed increase in vector attraction to subjects with 
gametocyte infection. The volatiles that increase 1.2 to 
5.2 times in emission from red blood cells, induced by 
either gametocyte infection or the presence of HMBPP, 
include the monoterpenes, α-pinene, ß-pinene and 
limonene, as well as the aldehydes, octanal, nona-
nal and decanal [8]. The release rates of the HMBPP-
induced odour blend assessed in this study were chosen 
to enhance the natural emission of these compounds in 
human body odour [12] by approximately 1, 10 and 100 
times to reflect those from P. falciparum gametocyte-
infected red blood cells. This largely corresponds with 
those volatiles observed to increase in emission from 
the skin and in the breath of P. falciparum-infected 
children, compared to children post-malaria treat-
ments, with discrepancies possibly due to differences 
in volatile collection methodology [6, 7]. Interestingly, 
in the absence of the human odour, the HDT failed to 
attract mosquitoes, indicating that heat and high con-
trast, by themselves, are not sufficient to drive attrac-
tion. This effect could not be rescued by the addition 
of the HMBPP-induced odour blend, which also did 
not elicit attraction of Anopheles in the absence of the 
human odour, emphasizing the requirement of human 
background odour to induce attraction, and thus, effec-
tive captures with these baited traps.
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Fig. 3 a Photograph of the tent and one of the two BioGents AG host decoy traps connected by a polyvinylchloride (PVC) pipe. b Schematic 
representation of the two-choice behavioral assay, indicating the volunteer inside the tent. The human body odours were deployed to the host 
decoy traps via PVC pipes using two computer fans. The HMBPP-induced odour blend and the heptane control were introduced into either of 
the two PVC pipes by placing the dispensers in front of the fans. c The behavioral preference of Anopheles arabiensis to human odour, from two 
volunteers with or without augmentation by the HMBPP-induced odour blend is indicated by a choice index. In the absence of human odour, the 
host decoy traps caught 3 mosquitoes in the treatment and 4 in the control (data not shown). All experiments were replicated 8 times
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Conclusions
The present study revealed that the HMBPP-induced 
odour blend, when augmented with human body odour, 
attracts wild female Anopheles mosquitoes under field 
conditions. However, a more extensive analysis, includ-
ing a broader set of volunteers with defined malaria 
status at multiple locations, is required to assess the 
robustness of this finding. The requirement of the 
human background odour for attraction, although con-
straining the use of the HMBPP-induced blend, opens 
novel ways to survey and control mosquitoes, which 
vector malaria, both indoors and outdoors. While 
it is plausible to direct human laden air from houses, 
supplemented with the HMBPP-induced blend, to 
HDT-type outdoor traps [15], the combination of the 
HMBPP-induced blend with eave tube-type control 
technology (e.g. [18]) might be more cost effective and 
more manageable at the household and community 
levels. Alternatively, the HMBPP-induced blend could 
be used in conjunction with synthetic human blends, 
e.g. the MB5 blend, which has been shown to be highly 
effective in attracting and controlling mosquitoes, 
which transmit malaria, outdoors [19]. A remaining 
challenge in this regard would be the development of 
long-lasting formulations of the odour blend.
Abbreviations
HDT: Host decoy trap; HMBPP: (E)-4-hydroxy-3-methyl-but-2-enyl 
pyrophosphate.
Acknowledgements
The authors would like to thank the field assistants, Yonas Woyza and Worki-
neh Woyza, for their valuable help. The authors would like to heartily thank 
Frances Hawkes for her expert advice on the use and deployment of the HDTs, 
and Richard Hopkins for providing comments on the manuscripts.
Authors’ contributions
YD, SRH, HT and RI designed the study. YD performed the experiments and 
analysed the data. GB contributed his expertise for the generation of the 
synthetic odour blend. YD wrote the initial draft of the manuscript. SRH and RI 
revised the manuscript and all authors provided needed input into the final 
draft. All authors read and approved the final manuscript.
Funding
This study was funded by the Swedish Scientific Research Council (VR). Open 
access funding provided by Swedish University of Agricultural Sciences.
Availability of data and materials
All data generated or analysed during this study are included in this published 
article.
Ethics approval and consent to participate
The study was approved by the Institutional Review Board of the Col-
lege of Natural and Computational Sciences, Addis Ababa University 
(CNSDO/284/08/2016). Research permit was also obtained from the Arba 
Minch Zuria district health office (AZWHO/1163/2). Verbal consent was 
obtained from the household owners to put the traps inside their houses and 
set the tents in backyards, respectively.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1 Department of Zoological Sciences, Addis Ababa University, PO. Box 1176, 
Addis Ababa, Ethiopia. 2 Unit of Chemical Ecology, Department of Plant 
Protection Biology, Swedish University of Agricultural Sciences, PO. Box 102, 
Alnarp, Sweden. 
Received: 14 January 2020   Accepted: 18 August 2020
References
 1. Lacroix R, Mukabana WR, Gouagna LC, Koella JC. Malaria infec-
tion increases attractiveness of humans to mosquitoes. PLoS Biol. 
2005;3:e298.
 2. Smallegange RC, van Gemert G-J, van de Vegte-Bolmer M, Gezan S, 
Takken W, Sauerwein RW, et al. Malaria infected mosquitoes express 
enhanced attraction to human odor. PLoS ONE. 2013;8:e63602.
 3. Batista EPA, Costa EFM, Silva AA. Anopheles darlingi (Diptera: Culicidae) 
displays increased attractiveness to infected individuals with Plasmo-
dium vivax gametocytes. Parasit Vectors. 2014;7:251.
 4. Busula AO, Bousema T, Mweresa CK, Masiga D, Logan JG, Sauerwein 
RW, et al. Gametocytemia and attractiveness of Plasmodium falcipa-
rum–infected Kenyan children to Anopheles gambiae mosquitoes. J 
Infect Dis. 2017;216:291–5.
 5. de Boer JG, Robinson A, Powers SJ, Burgers S, Caulfield JC, Birkett MA, 
et al. Odours of Plasmodium falciparum-infected participants influence 
mosquito-host interactions. Sci Rep. 2017;7:9283.
 6. Robinson A, Busula AO, Voets MA, Beshir KB, Caulfield JC, Powers SJ, 
et al. Plasmodium-associated changes in human odor attract mosqui-
toes. Proc Natl Acad Sci USA. 2018;115:4209–18.
 7. Schaber CL, Katta N, Bollinger LB, Mwale M, Mlotha-Mitole R, Trehan I, 
et al. Breathprinting reveals malaria-associated biomarkers and mos-
quito attractants. J Infect Dis. 2018;217:1553–600.
 8. Emami SN, Lindberg BG, Hua S, Hill SR, Mozuraitis R, Lehmann P, et al. A 
key malaria metabolite modulates vector blood seeking, feeding, and 
susceptibility to infection. Science. 2017;355:1076–80.
 9. Debebe Y, Hill SR, Tekie H, Ignell R, Hopkins RJ. Shady business: under-
standing the spatial ecology of exophilic Anopheles mosquitoes. Malar 
J. 2018;17:351.
 10. Abraham M, Massebo F, Lindtjørn B. High entomological inocula-
tion rate of malaria vectors in area of high coverage of interventions 
in southwest Ethiopia: Implication for residual malaria transmission. 
Parasite Epidemiol Control. 2017;2:61–9.
 11. Wondwosen B, Birgersson G, Seyoum E, Habte T, Torto B, Fillinger U, 
et al. Rice volatiles lure gravid malaria mosquitoes Anopheles arabiensis. 
Sci Rep. 2016;6:37930.
 12. Omondi AB, Ghaninia M, Dawit M, Svensson T, Ignell R. Age-dependent 
regulation of host seeking in Anopheles coluzzii. Sci Rep. 2019;9:9699.
 13. Woyessa A, Deressa W, Ali A, Lindtjørn B. Evaluation of  CareStartTM 
malaria Pf/Pv combo test for Plasmodium falciparum and Plasmodium 
vivax malaria diagnosis in Butajira area, south-central Ethiopia. Malar J. 
2013;12:218.
 14. Maltha J, Gillet P, Cnops L, Ende J, Esbroeck M, Jacobs J. Malaria rapid 
diagnostic tests: Plasmodium falciparum infections with high parasite 
densities may generate false positive Plasmodium vivax pLDH lines. 
Malar J. 2010;9:198.
 15. Hawkes F, Dabire RK, Sawadogo SP, Torr SJ, Gibson G. Exploiting 
Anopheles responses to thermal, odour and visual stimuli to improve 
surveillance and control of malaria. Sci Rep. 2017;7:17283.
 16. WHO. Manual on practical entomology in malaria. Part 2: methods and 
techniques. Geneva: World Health Organization; 1975.
 17. Verrone GA. Outline for the determination of malarial mosquitoes in 
Ethiopia. Part I-Adult female Anophelines. Mosq News. 1962;22:37–49.
Page 7 of 7Debebe et al. Malar J          (2020) 19:327  
•
 
fast, convenient online submission
 •
  
thorough peer review by experienced researchers in your field
• 
 
rapid publication on acceptance
• 
 
support for research data, including large and complex data types
•
  
gold Open Access which fosters wider collaboration and increased citations 
 
maximum visibility for your research: over 100M website views per year •
  At BMC, research is always in progress.
Learn more biomedcentral.com/submissions
Ready to submit your research ?  Choose BMC and benefit from: 
 18. Knols BGJ, Farenhorst M, Andriessen R, Snetselaar J, Suer RA, Osinga AJ, 
et al. Eave tubes for malaria control in Africa: an introduction. Malar J. 
2016;15:404.
 19. Homan T, Hiscox A, Mweresa CK, Masiga D, Mukabana WR, Oria P, et al. 
The effect of mass mosquito trapping on malaria transmission and 
disease burden (SolarMal): a stepped-wedge cluster-randomised trial. 
Lancet. 2016;388:1193–201.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
